We present a model for electron scattering off nuclei and photon absorption in the resonance energy region (W ≦ 2 GeV). The elementary γ/γ ⋆ N-vertex is described using in-medium kinematics and up-to-date form factors for QE-scattering, π-production form-factors and resonance helicity amplitudes of the MAID analysis. We find good agreement with inclusive data on electron scattering off Oxygen. For photon absorption in Carbon we find a large impact of the momentum dependent mean-field acting on initial-and final-state baryons.
I. INTRODUCTION AND MOTIVATION
A wealth of information on nucleon structure functions and resonance properties has been gathered in the scattering of electrons and photons off nucleons at intermediate energies (∼ 0.5−2 GeV) (cf. , e.g., the reviews (1; 2)). Scattering electrons and photons on nucleons being embedded in nuclei, it is even possible to probe the change of these properties due to a strongly-interacting environment. In the medium, resonances and nucleons acquire an additional complex self energy due to rescattering effects and correlations which lead to modified spectral functions. By direct comparison to the elementary scattering case, one tries to deduce such in-medium modifications. Within the last decades, several experimental groups (cf. ref. (3) for a review on electron scattering and (4; 5; 6; 7) for the photon absorption experiments) have measured the inclusive cross section for electron and photon off nuclear targets to a high precision. Additionally, major experimental efforts are being undertaken to shed light on the in-medium properties of hadrons studying exclusive channels of photon and electron nucleus scattering, see e.g. (8; 9; 10) .
In this work we aim at an improvement of the description of inclusive and exclusive reactions through a better description of in-medium physics. Here we focus on inclusive cross sections which are independent on the final state interaction. These final-state interactions can, e.g., be treated applying the Giessen BoltzmannUehling-Uhlenbeck (GiBUU) transport model (11; 12; 13) , which has been developed over the last 20 years to describe heavy ion collisions, photon-, electron-, pion- * Electronic address:
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and neutrino-induced reactions within one unified transport framework
1 . Since our model for the inclusive process uses the very same inputs as the transport modelin particular the same momentum distributions for the nucleons, same potentials and spectral functions -the extraction of exclusive cross sections will be a straightforward task.
First results for electron scattering off nuclei for beam energies between 700 MeV and 1500 MeV and virtualities of Q 2 ≤ 0.632 GeV 2 have already been presented in (14; 15) . Within the same framework we now also address the absorption of real photons in nuclei. Additionally, we refine the model presented in (14; 15) by including more baryon resonances in the description. Employing impulse approximation, we calculate inclusive cross sections with full in-medium kinematics and realistic form factors for quasi-elastic scattering, pion production and resonance excitation.
As already stressed in (15) , there are three key issues in the theoretical understanding of photon-or electronscattering off nuclei. First and foremost, one needs to model effectively the nuclear ground state and take into account the modification of the elementary γ/γ ⋆ -nucleon vertex within the nuclear medium. Furthermore, the study of exclusive channels such as pion production or nucleon knockout demands for a proper description of final state interactions of the produced particles with the nuclear medium, which can ideally be addressed within our GiBUU framework.
In (15), we outlined the importance of the electron scattering information on the modeling of the neutrino nucleus interaction. Studying this interaction one aims at an understanding of, e.g., axial form factors and the strange quark content of the nucleon. However, the primary aim of investigating the νA process is related to the interpretation of present-day neutrino oscillation experiments. A quantitative understanding of the influence of nuclear effects on that cross section is crucial since most of the experiments use nuclei as targets (16) . In this respect, the description of electron induced processes serves as a benchmark for the neutrino induced reactions, which were analyzed by Leitner et al. also within the GiBUU framework (17; 18) . This article is structured in the following way. First we introduce our model for the interaction of real and virtual photons with nucleons embedded in a nucleus. Next, we discuss two distinct applications: electron scattering off complex nuclei and photon absorption.
II. ELEMENTARY INPUT
The resonance excitations play a dominant role in the spectrum of low-energy γ ⋆ N scattering (for a comprehensive review see, e.g., (19) ). Applying a partial wave analysis to the world data on photon and electron scattering, e.g., the MAID group (20; 21; 22) provides information about resonance properties. An important result of such an analysis are the so-called helicity amplitudes, which can be used to fix the resonance form factors (23; 24; 25) . We enhanced the model of (15) by including, besides the ∆ resonance, additional resonance states, in particular all states which are also included in the MAID analysis (cf. table I for details). For the nucleon resonances with spin S = 1/2 we use a notation similar to Devenish et al. (26) . The hadronic current is defined by
where u is the nucleon spinor and φ is the resonance spinor. So p and p ′ denote the momentum of incoming nucleon and outgoing resonance, s i and s f denote their spins. The vertex operator is parametrized for positiveparity resonances by
and for negative-parity ones by
The constant m n = 0.938 GeV denotes the isospin averaged nucleon mass. We assume that the form factors g 1 and g 2 depend solely on Q 2 and can be fixed using the MAID helicity amplitudes. The hadronic tensor is given by
with m ′ = √ p ′ · p ′ and m = √ p · p being the incoming and outgoing baryon masses.
The spin 3/2 resonances can be described using RaritaSchwinger spinors ψ α . Within this framework, the hadronic current is given by
where u is the nucleon spinor and ψ α is the resonance Rarita-Schwinger spinor. The vertex operator for negative-parity resonances can be parametrized by
and for positive-parity ones by
Again, we assume that the form factors C 3 , C 4 and C 5 depend solely on Q 2 ; these form factors are again fixed using helicity amplitudes. The hadronic tensor is given by
In the equation above, we used the identity for the spin 3/2 projector
The description of 5/2 spinors within a Lagrange framework is highly complicated. As a simplifying assumption, we will treat all particles with spin greater than 3/2 within the spin 3/2 formalism.
Additionally to this improvement of the resonance description, we updated our elastic nucleon form factors to the ones presented by Bradford et al. (27) .
A. Total cross sections
For electron induced events, the total cross section contains quasi-elastic scattering, resonance production and direct pion production (cf. (15) for the implementation of quasi-elastic scattering and direct pion production). For the photon induced events only resonance excitation and pion production are relevant, because one may neglect the QE contribution since the outgoing nucleon has large off-shellness for Q 2 = 0. In both cases one must be careful to avoid double counting since also the resonances contribute to pion production. Thus one must subtract these resonance contributions from the direct pion production cross section. We interpret this subtracted contribution as a single-π background and denote it by σ BG π . With this prerequisite, we define the total cross sections for the electron 14) where l and l ′ are the momenta of incoming and outgoing electron, respectively. For the photon we get
Note that the background terms σ BG π effectively include interferences among the resonances.
The cross section for photon scattering off the proton and neutron are shown in fig. 1 . Evidently, the resonance model alone describes the cross sections only qualitatively. Additionally to the single-π background discussed in (15), we included for the photon induced reactions also a ππ production background. Given parametrizations σ data ππ of the elementary data, we can define the 2π background by subtracting the resonance contributions from the parametrization
This subtraction must be done independently for all possible charge channels: π + π − ,π 0 π 0 and π 0 π ± . In our model, double pion production via resonances can only occur via the four channels
Given σ γN →R , the evaluation of σ γN →R→N ππ involves a weighting with the partial decay widths (for details cf. ref. (12) and references therein) into the channels listed above and the relevant isospin Clebsch-Gordan factors.
The distribution of the final state momenta of the ππ background events are assumed to follow a phase space distribution. The resulting 2π contributions are shown in fig. 1 for both proton and neutron targets. Obviously, the total cross section is now very well described and the resonance contribution to ππ is in fact small as compared to the total ππ production cross section, especially at energies below 600 MeV. Furthermore, we show in fig. 2 the single-π production cross section for electron induced reactions with and without background contributions. Also here, the background has a considerable impact and must be taken into account. However, we can not introduce a sensible 2π background due to a lack of such data, and thus we consider only a single-π background. This restricts our model to the region not far above the ππ threshold.
B. Medium modifications
As detailed in (15), we consider, besides momentumdependent mean fields for the baryons, also the inmedium broadening of the resonances based on the GiBUU collision rates. The quasi-elastic and resonance cross sections are evaluated with full in-medium kinematics. For the backgrounds we assume that the in-medium background is given by
where s free is the Mandelstam s corrected for the inmedium potentials:
where
C. Nuclear cross sections
Assuming a small wavelength of the incoming photon, we will treat the whole problem in the impulse approximation (IA). Within IA, the nuclear current operator is assumed to be a sum of one-body currents J A → i J µ i . Furthermore, we assume that the nucleus is constructed 
σ tot σ tot , only res.
σ π π σ π π , only res. out of a sum of single particle plane-wave states. Note, that the dispersion relations of the plane waves are modified due to the potentials. In Bjorken-Drell notation (30) , each plane wave state |k, s (s denotes spin) has the normalization 1/ 2m(k)/(2E k ). So the nuclear wave function is given by Within the above approximations, the matrix element for electron scattering off a nucleus with mass number A is given by a contraction of the lepton tensor with the sum of all hadronic currents generated by the A nucleons within the nucleus. In formulas, we get (cf. also (31, in particular eq. 1-3))
Note that the dots ". . ." in the brackets should just remind us that there could be more than one final state particle. Obviously, the previous equation is just an integral over single particle hadronic currents H µν . Thus the nuclear cross section is given by
where v rel ≃ 1 is the relative velocity of nucleus and electron. The variable Φ f denotes the phase space of all the final state particles, which includes also p ′ and l ′ . The function P P B ( r, Φ f ) includes Pauli blocking of the final state fermions. Bose enhancement of the pions can be safely neglected. Comparing to the single particle cross sections σ N , one finds that
where the factor l µ p µ /(l 0 p 0 ) is just a flux correction due to the finite velocity of the target nucleons. The variable v N denotes the non-zero nucleon velocity, which is due to Fermi motion, and v e is the electron velocity. Note, that the Pauli blocking factor has been included in the single particle cross section.
Photon scattering.
For photon scattering we get an analogous result
with v γ being the photon velocity vector. Again, we included the Pauli blocking probability in the single particle cross section.
III. INCLUSIVE ELECTRON SCATTERING OFF COMPLEX NUCLEI
There is a considerable amount of theoretical work aiming at a good description of the inclusive electron cross section; cf. the recent review given by Benhar et al. (3) for an overview. Benhar and collaborators (32) employ the impulse approximation with realistic spectral functions obtained from electron-induced proton knockout data and theoretical calculations based on nuclear many body theory (NMBT). With this model, they achieve impressive agreement in the quasi-elastic (QE) peak region; however, they underestimate the data in the ∆ region. In (33; 34) they improved on this and a good description of the data also in the single-pion production region could be reached. Also, Szczerbinska et al. (35) use Benhar's spectral functions (32) for the QE contribution, but in the ∆ region they apply the dynamical Sato-Lee model developed to describe photo-and electron-induced pion-production off the nucleon. Recently, this model has been extended to weak-interaction processes (36; 37). A different approach, which also yields a combined investigation of neutrino and electron interactions, makes use of the superscaling properties of the electron scattering data (cf. (38) and references therein). There the authors extract the scaling function from inclusive electron-nucleus scattering data and use this to predict the neutrinonucleus cross sections. More work has been done in the QE region. In particular the model by Gil et al. (39) yielded a particular successful description of the dip region in between the QE and ∆ peak.
A. Results
To start the discussion, we show in fig. 3 our results for the inclusive reaction 16 8 O (e − , e − ) X for a beam energy of 700 MeV and different nucleon mean fields, inmedium changes to the width have been neglected. The solid curve denotes the result without potentials, including only Fermi motion and Pauli blocking. Including a momentum-independent potential (dashed curve) does not change anything at the QE peak (q 0 = 0.−0.15 GeV). However, the single-pion region (q 0 0.2 GeV) is modified. This is due to the fact that the ∆ is less strongly bound than the nucleon. Therefore, more energy must be transferred by the photon such that this binding effect is compensated. When the momentum dependent mean field is included (dashed-dotted curve), then the faster (on average) final state nucleons experience a shallower potential than the initial state nucleons. Also the resonance potential gets shallower towards higher momentum. Therefore, even more energy must be transferred by the photon. Hence, the QE peak is broadened towards a higher energy transfer ω and also the single pion spectrum is slightly shifted towards higher energies and broadened. A similar result has also been obtained within the Walecka model (40) . There the nucleon mass 
E.g. for small momenta (| p| ≪ m ⋆ , | p| ≪ m) one obtains a simple harmonic dependence of the potential on the momentum:
Rosenfelder (40) shows that the value of m ⋆ can then be used to fit the QE peak. We emphasize however, that we do not fit our potential to the electron data but the potential has been fixed by nuclear matter properties and the momentum dependence of nucleon-nucleus scattering cross sections (41) . Fig. 4 shows the comparison of our full calculation, which includes both a momentum dependent potential and collisional broadening of the baryons to the data measured by Anghinolfi et al. (42) . One observes that the agreement with the data is considerably improved when the in-medium width is included. However, we also notice a short-coming of our model for the QE-region in the upper panel (beam energy=0.7 GeV). This problem could not yet been resolved. In the work of Kalok (43) it was shown that the inclusion of short-range-correlations in our model lead to a lowering of the peak. These shortrange correlations imply a modified momentum distribution of the ground state nucleus. However, also with Kalok's improvements (43) no quantitative satisfactory result could be retrieved. We obtain already at a slightly higher beam energy of 880 MeV (cf. fig. 4 ) very good agreement with the experimental data. The solid curve in fig. 4 represent our full result which agrees well with • . The dashed line denotes our result, where we include all in-medium modifications besides collisional broadening. The solid line denotes the full calculation, which includes in-medium changes of the width according to the GiBUU collision term. The data are taken from (42; 44) . the available data. Especially the dip-region in between QE-region and single-pion region is well reproduced. At very high beam energies, a lack of ππ strength leads to a too low result at large photon energies. Overall, the in-medium width leads to an improvement of the model.
In fig. 5 , we show the contribution of the different mechanisms to the total electron-nucleus cross section which we calculated including all in-medium modifications and in particular the in-medium changes of the width. The dashed line shows the quasi-elastic contribution, the dashed-dotted the single-π and the dotted one the 2π contribution to the initial scattering process. One observes that going from low to high beam energies, the importance of single-π and 2π production mechanisms • . The solid line denotes our full result, where we include all in-medium modifications and in particular in-medium changes of the width. The data are taken from (42; 44) . The dashed line shows the quasi-elastic contribution, the dashed-dotted the single-π and the dotted one the 2π contribution to the initial scattering process. This result does not yet include any FSI of the outgoing particles.
gradually increases, whereas at low energies the quasielastic contribution is dominating. Note that this result does not yet include any FSI of the outgoing particles and the classification into different channels is solely based on the initial vertex and not on the final-state multiplicities.
To point out the importance of the momentum distribution of the initial nucleons, we show in fig. 6 the results for different input distributions. In this case we omit all in-medium modifications besides Pauli blocking and Fermi motion. The dashed-dotted curve represents the result with our standard momentum distribution according to the local-Thomas-Fermi (LTF) ansatz (cf. (15) for details). Distributing the nucleons according to a constant Fermi momentum of 0.2 GeV yields already a slightly lower QE-peak value. With a further increase of the Fermi momentum to 0.25 GeV we conceive a prominent drop of the QE-peak height and a broadening of the QE peak. It is therefore also clear, that one can fit the data for the QE-peak by a variation of the Fermi momentum. However, a Fermi momentum of 0.25 GeV does not make any sense within our framework: on the basis of a proper density profile for the dilute Oxygen nucleus one can not get such a high average Fermi-momentum within LTF approximation.
We conclude, that the overall agreement to the data is improved by a calculation which in addition to a local Fermi-gas momentum-distribution also includes a momentum-dependent mean field and in-medium spectral functions for the nucleon. Especially at low energies, a proper treatment of the nucleon spectral function is important. The increase of the energy loss due to a momentum-dependent nucleon potential reshapes the QE peak considerably. An additional modification of the nucleon width leads to further broadening and decrease of the QE peak height. In the single-π and ∆ production region, we achieve a good description for all energies. The in-medium modifications improve the overall correspondence with the data. In the dip region, which is conventionally attributed to 2N excitations, the description is considerably improved due to the previously discussed broadening of the QE peak. At higher beam energies, the data are underestimated at high energy transfer q 0 due to the fact that 2π-production channels have not yet been included.
An impulse approximation calculation by Benhar et al. (32) that uses nuclear many-body theory (NMBT) spectral functions yields in the QE-region a better result for 700 MeV beam energy. However, already at a slightly higher beam energy of 1080 MeV our model and the NMBT one yield equally good results for the QE peak. We thus conclude, that our simplified ansatz for the in-medium width and the inclusion of a proper potential incorporate the main features of the nucleon spectral function in the medium.
IV. TOTAL PHOTON ABSORPTION CROSS SECTIONS FOR COMPLEX NUCLEI
In the total photon absorption cross section on nucleons, one observes three major peaks, which are, according to our present knowledge, generated by several overlapping resonances. The most important ones are the P 33 (1232), S 11 (1535), D 13 (1520) and F 15 (1680) resonance states. To study the properties of those resonance states when embedded in nuclear matter, one has to investigate their photon-induced excitation in nuclei. First experiments using a tagged high energy photon-beam (E γ = 0.3 − 2.6 GeV), which offered sufficient energy to excite the second resonance region, were performed by the Yerevan group (45; 46) . Following up this pioneering work, the photon absorption of photons in nuclei was measured at the Mainz microton (MAMI) facility (4; 47) with a beam energy of E γ = 0.05 − 0.8 GeV, with higher energy of E γ = 0.2 − 1.2 GeV at the Adone storage ring facility (Frascati, Italy) (5; 48; 49; 50; 51), with even higher energy using the SAPHIR tagged photon beam of E γ = 0.5 − 2.67 GeV at ELSA (Bonn, Germany) (6) and with E γ = 0.17−3.84 GeV at Hall B of the Jefferson Laboratory (Newport News, USA) (7; 52). In fact, some of the above experiments did not measure directly the photon absorption cross section but only the photo-fission cross-section (4; 7; 47; 48; 50; 52). Contradicting to earlier assumptions, it has been shown in (7; 52) that these two cross sections must not be identical. So we focus for our analysis on a comparison with the direct measurements of photon absorption as presented by Bianchi et al. (5; 51) and Muccifora et al. (6) .
Let us briefly summarize the experimental findings. First, the ∆ resonance region is also within the nucleus still exhibiting a peak like structure. However, one has observed a slight shift to higher energies and a broadening as compared to the vacuum structure. At higher energies, one has observed a more interesting and a somewhat unexpected effect. The experimental results show no structures in the second and third resonance region, often quoted as the disappearance of the resonances in the medium.
In the last two decades, various theoretical attempts have been performed to explain these data. Kontratyuk et al. (53) set up a baryon resonance model including the collisional widths of the resonances as a free parameter. Then these parameters were fitted to the existing data and the collisional width was extracted. However, the extracted widths are extraordinary large (ca. 320 MeV for the S 11 (1535), D 13 (1520) and F 15 (1680) resonance) and the whole analysis offers several points for criticism (cf. pages 368-369 in (54) ). The elaborated work of Carrasco et al. (55) showed in a microscopic model approach, that it is possible to describe the data in the ∆ resonance region in a very satisfactory manner when including the ∆ self-energy. This work emphasizes the importance of multi-body absorption channels. Rapp Effenberger et al. (54) tried to explain the experimental observation of resonance disappearance within a precursor version of our present model. He achieved a quite good description of the ∆ peak, however his model failed explaining the data at higher energies: his results showed still a prominent structure in the second and third resonance region. Our present model differs to Effenberger's one in four major aspects. First, we use the up-to-date input for the photon-nucleus interaction, in particular for the helicity amplitudes of the resonances, and for the invariant amplitudes used to parameterize pion production. Second, we treat the single-pion background terms differently: Effenberger et al. rescaled the resonance contributions to fit the single-pion data while we include a point-like single-pion production vertex which includes all background and interference terms. So in our case the background and interference terms are not modified in the medium, whereas in Effenberger's case those two terms are hidden in the resonance contributions and, therefore, they are modified in the same way as the resonances. Third, the absolute magnitude of the collisional width is slightly different due to updated baryon-nucleon cross sections in the GiBUU collision term. Finally, Effenberger only included the mean fields as real part of the self energies and neglected the dispersive contributions to the real parts, which lead to non-normalized spectral functions.
Our results for photon absorption in Carbon are shown in fig. 7 . For the calculations shown in the upper panel, we have not modified the width of the resonances in the medium and we have not included dispersive contributions to the width. Again, as for the quasi-elastic peak in the electron-nucleus scattering, we observe the broadening of the spectra just due to the momentum-dependent mean field. The solid curve shows the result when including such a mean-field. This curve describes the data properly in the ∆ region but overestimates it in the second resonance region. It is, however, remarkable, that the mean field smears the spectra so much that the second resonance peak is dissolved. The lower panel shows, additionally to the result calculated with a momentumdependent mean field (solid line), the one for which the in-medium width and the dispersive contributions to the real parts have been taken into account (dashed line). A larger width due to the collisional broadening leads to a smearing of the peaks and therefore to a lowering of the resonance contributions. The lower panel shows that the ∆ region is underestimated when including the in-medium spectral functions. Also in the second resonance region the situation does not improve. The same effect has also been observed in Effenberger's work where the missing strength in the right shoulder of the ∆ is attributed to (also in our work) neglected two-nucleon absorption processes. Comparing to this former result by Effenberger (double dashed curves in the upper panels), we must state that both models describe the data equally well. In our approach it is however interesting to see, that the proper treatment of the medium-dependent potential leads all by itself to a smearing of the second resonance peak. As a consequence, it should be interesting to include the in-medium kinematics also in the background treatment, which was too involved for our approach since one would need a microscopic model for the background. Fig. 8 shows again the photon absorption in Carbon. To obtain the results shown in the latter graph, we have ignored the resonance model and have just included the point-like γN → N π process, which we evaluated now with full in-medium kinematics taking into account potentials for the nucleon and the pion. For the invariant amplitudes A i we assume the following in-medium structure
with s free being defined in eq. 2.17 and θ k is the pion scattering angle with respect to q. As before we added also a 2π production channel, which is without resonance contributions a pure background contribution. In this approach, one does not account for in-medium changes of the width of the resonances and for potential differences of nucleons and resonances. The ∆ peak structure is in its magnitude well described by a calculation which includes both a pion potential according to (12) and a momentumdependent nucleon potential (red solid line). However, the width of the ∆ peak is underestimated and the peak structure in the second resonance region is not present in the data. Besides the missing in-medium changes of the resonances, also the approximation of eq. 4.1 might be questionable. However, as long as we have no underlying model to evaluate the A i in the medium there seems to be no better choice. We conclude that the resonance model framework gives a far better description of the data and incorporates the in-medium changes in a more controlled fashion.
V. SUMMARY
We have presented a refined and updated treatment of electron scattering off nuclei. Employing in-medium kinematics and parametrizing the form factors for QEscattering according to Bradford et al. (27) , using the π-production form-factors and resonance helicity amplitudes of the MAID (20; 21; 64) analysis. In comparison to the data by Anghinolfi et al. (42) we found good agreement in the pion production energy regime, whereas the quasi-elastic scattering is overestimated for low photon energies. We outlined the large dependency on the underlying momentum distribution of the nucleons, which we fix in our model via the LTF assumption.
Additionally, we investigated photon absorption where we could not establish an improvement of earlier results. However, we emphasized the importance of momentumdependent potentials for the process. In particular, the structure in the second and third resonance region gets dissolved due to this potentials.
In future we plan to extent the description to exclusive channels, such as e.g. single π production, and plan to include the ππ production channel also for electron scattering.
